We have determined the crystal structure of the chloroperoxidase (CPO) hydroperoxo reaction intermediate (CPO compound 0) at 1.75-Å resolution. The intermediate was generated through controlled photoreduction of the CPO oxygen complex during x-ray data collection, which was monitored by recording of the crystal absorption spectra. Initially, the peroxo-anion species was formed and then protonated to yield compound 0. Quantum chemical calculations indicate that the peroxo-anion species is not stable and collapses instantaneously to compound 0. Compound 0 is present in the ferric low-spin doublet ground state and is characterized by a long OOO bond length of 1.5 Å and a FeOO bond distance of 1.8 Å, which is also observed in the crystal structure.
N
ature devised diverse heme enzymes to metabolize oxygen by using atmospheric dioxygen or hydrogen peroxide (1, 2) . Cytochrome P450 enzymes are monooxygenases that catalyze the incorporation of one atom of molecular oxygen into a range of organic substrates. P450 enzymes are unique in their ability to hydroxylate nonactivated hydrocarbon compounds and are involved in many biological processes, including the biosynthesis of steroids, lipids, fat-soluble vitamins, and antibiotics (3) . Their role in the degradation of drugs and other xenobiotics is of great medical interest (4) . Heme oxygenases use dioxygen as a substrate, whereas peroxidases and catalases use hydrogen peroxide (2) . Chloroperoxidase (CPO) is a glycoprotein secreted from the fungusCaldariomycesfumago,whichcatalyzeshydrogenperoxidedependent halogenation reactions (5) . In addition to catalyzing chlorination, bromination, and iodination reactions, CPO functions as a catalase and a peroxidase and catalyzes P450-like oxygen insertion reactions. This wide-ranging activity makes CPO one of the most versatile of all heme enzymes (6, 7) . The structure of CPO has unique aspects but it shares features with P450 enzymes, e.g., a cysteine as proximal heme ligand, and contains a polar distal pocket in common with peroxidases. But in contrast to other peroxidases, the distal residue of CPO is not a histidine but a glutamic acid (Glu-183), and the arginine that is highly conserved in peroxidases active site pockets is not present in CPO (8) . CPO is considered to be a crucial model for the reaction intermediates of P450 enzymes. The short-lived intermediates of CPO have been characterized by a wide range of spectroscopic methods (9) (10) (11) (12) (13) (14) (15) .
Despite the diverse functions of the above-mentioned heme enzymes, all are considered to share a common species, a ferric hydroperoxo intermediate (Fe-OOH Ϫ ), also denoted as compound 0 (16) . Characterization of this intermediate is difficult, because it is unstable and short-lived (17) . Compound 0 (Fe-OOH Ϫ ) was initially reported at low temperatures by stoppedflow experiments (18) . This intermediate has been more recently reported to be prepared through the reduction of oxy-ferrous heme proteins by cryogenic radiolysis (19) (20) (21) (22) . During exposure to high-energy radiation, e.g., ␥-radiation from 60 Co sources or x-rays, electrons are released through the photoelectric effect and secondary processes, i.e., the ejection of Auger electrons. X-rays with an energy of 12 keV are commonly used for x-ray data collection at synchrotron light sources. Ninety percent of the photons at this energy interact with the sample through the photoelectric effect. A single absorbed photon leads to the generation of Ϸ300 electrons at this energy (23, 24) .
Compound 0 (Fe-OOH Ϫ ) intermediates of various heme enzymes, including P450cam (21) and HRP (22) , have been generated in frozen oxy-ferrous heme solutions by cryogenic radiolysis, which has allowed the spectroscopic characterization of this species. Photoreduction can also be exploited during x-ray crystallographic structure determination to obtain otherwise short-lived reaction intermediates. One such example is the structural characterization of the P450cam (CYP101) reaction intermediates. The second electron of the P450 reaction cycle required for the reduction of the oxy-ferrous P450cam complex was generated during x-ray irradiation and allowed the structural determination of a species consistent with an iron-oxo complex. However, the compound 0 intermediate was not observed (25) .
Here, we describe the crystal structure of compound 0 of CPO determined at a resolution of 1.75 Å. This cryo-trapped intermediate was generated by photoreduction of CPO oxygen complex crystals during x-ray data collection at 90 K followed by protonation. Visible absorption spectra of crystals recorded during x-ray exposure and hybrid quantum mechanical (QM)/ molecular mechanical (MM) calculations confirm the formation of compound 0 and suggest a pathway for its generation.
Results and Discussion
CPO crystals were soaked in a peracetic acid (PAA)/ascorbate and hydrogen peroxide-containing cryoprotectant solution at 4°C. The formed intermediate was cryo-trapped by flash-cooling of the crystals in liquid nitrogen (see Fig. 1 ). Unexpectedly, instead of compound II, we observed density fitting a diatomic ligand at the iron in the crystal structure. During soaking of the crystals with the cryoprotectant mixture, compound II reacted Author contributions: K.K., J.T., S.S., and I.S. designed research; K.K., E.D., J.T., and I.S. performed research; K.K., E.D., S.S., and I.S. analyzed data; and K.K., E.D., J.T., S.S., and I.S. wrote the paper.
with hydrogen peroxide and yielded compound III (26, 27) Ϫ . To analyze the ligand state of the crystalline CPO, we measured the UV-visible absorption spectra with a microspectrophotometer. Difficulties in interpreting these spectra can arise because of the anisotropic properties of crystals. As a consequence, the crystal absorption spectra differ depending on the orientation of the crystal with respect to the direction of the incident light. Nevertheless, in the case of CPO, both solution and crystal absorption spectra share the same features. The crystal absorption maxima could be assigned to the equivalent peaks of the solution absorption spectra. Absorption spectra recorded of the soaked CPO crystals confirmed the formation of compound III. A red shift of the Soret band is in agreement with the solution absorption spectra (Fig. 2A) . The maximum of the Soret band of the compound III crystals varies between 430 and 445 nm depending on the orientation of the crystal, whereas for untreated ferric crystals, the peak of the Soret band is located between 420 and 430 nm. This finding agrees with absorption spectra measured from frozen ferric CPO solutions at 77 K, which show a Soret band peak at 424 nm (28) . In comparison, a value of 432 nm for the Soret band of the compound III species was reported for CPO solution spectra recorded at 5°C (26) .
We observed that the Q bands located in the region between 500 and 600 nm were less sensitive toward changes in the orientation of the crystal. A shift of the Q␣ band by 5 nm to a longer wavelength (550 nm) was observed in compound III crystals compared with the ferric ground state (545 nm). Furthermore, the Q␤ (583 nm) band was more pronounced in compound III crystals than in the ferric ground state, which was also consistent with the solution absorption spectra (Fig. 2 A) .
Because it has been observed previously that active sites of metallo-proteins are readily reduced by photoelectrons formed during x-ray exposure using synchrotron radiation (25, 29, 30, 56) , we investigated whether this is also the case for the CPO compound III crystals. Indeed, when CPO compound III crystals were exposed to x-rays at the synchrotron, within seconds a new absorption peak appeared at 563 nm, and a shift of the Soret band to a longer wavelength, i.e., from 443 to 451 nm was observed ( Fig. 2B ), which indicated a reduction of compound III to a peroxo species (Fig. 1) . Such a red shift of the Soret band is consistent with cryogenic radiolysis experiments of frozen CPO compound III solutions, where a shift of the Soret band peak from 427 to 447 nm was observed upon irradiation, although no full spectrum was reported at that time (31) .
CPO crystals have the orthorhombic space group C222 1 , and Ϸ90°of data are required to obtain a complete data set. The crystals were exposed for 1 s for a 1°oscillation. Consequently, a crystal needed to be exposed for Ϸ90 s to obtain a complete data set. In addition to displaying rapidly changing optical spectra upon x-ray exposure, after Ϸ1 min of irradiation, the Soret band (451 nm) started to decay slowly. Hence, the electron density map calculated from data collected from a single crystal will show a mixture of different states: compound III, the reduced peroxo-intermediate, possibly a hydroperoxo intermediate, and the species formed after the decay of the (hydro)peroxo intermediate. Therefore, we used a composite data collection strategy using several crystals to obtain a data set of the pure accumulated peroxo species. Data were merged to yield ''low dose,'' ''medium dose,'' and ''high dose'' data sets at 1.75-Å resolution (as described in Materials and Methods). The F obs Ϫ F calc electron density difference maps calculated from the three merged data sets show elongated densities above the heme iron. The densities observed for the low-and medium-dose data are similar and fit a diatomic ligand. However, because compound III was reduced very rapidly, even the low-dose data set contained a mixture of compound III and the (hydro)peroxo intermediate. Hence we could not determine the compound III structure. In contrast, for the high-dose data set the electron density close to the iron becomes weaker, indicating a decay of the (hydro)peroxo species at longer exposure times. Thus the medium-dose data set was the best description of the (hydro)peroxo state and was used for structure determination.
The formation of the (hydro)peroxo intermediate does not induce major conformational changes in the protein, with the exception of a twisting of the aromatic side chain of Phe-186 by 0.5 Å away from the distal oxygen compared with the ferric resting state. But this movement is more pronounced in the cyclopentanedione and acetate complexed CPO structures (32) . An acetate molecule is bound in the wide substrate access channel and forms a hydrogen bond with the side chain of Asn-74 (Fig. 3) . Acetate is present at a concentration of Ϸ150 mM in the soaking solution, because it occurs in high concentrations in PAA stock solutions. The acetate binding site has been identified previously as a binding site for polar compounds, i.e., iodide, ethylene glycol, and DMSO, all of which interact with Asn-74 in an otherwise mainly nonpolar environment (32) .
The distal ligand has an OOO bond length of 1.49 Å, which is obtained after refinement against the medium dose data with only weak restraints being applied to the OOO bond length (Fig. 3) . The ligand was modeled with an occupancy of 100% and has B factors of 18.5 Å 2 for the proximal oxygen and 21.5 Å 2 for the distal oxygen atom. In comparison, the B factor is 14.3 Å 2 for the iron. The experimentally observed bond length value of 1.49 Å is slightly but not significantly longer than the 1.46-Å bond length obtained after refinement with the low-dose data. The long OOO bond length indicates that reduction of compound III has occurred, because a shorter bond length would be expected for this species. For instance, an OOO bond length of 1.3 Å was reported for the compound III crystal structure of HRP (29) . The long OOO bond observed here is strong evidence for the generation of compound 0, formed through protonation of the peroxo-anion species. This experimental value is in agreement with theoretical calculations, which gave values of 1.46 Å (33) and 1.52 Å (34) for the compound 0 intermediates of heme-thiolate model compounds. In contrast, a distinctly shorter bond length of 1.32 Å was calculated for the corresponding peroxo-anion species (33, 35) . The bond length between the proximal oxygen and iron is 1.9 Å, and the bond length between iron and sulfur is 2.4 Å. The hydroperoxo group binds in an end-on fashion with a Fe-O-O angle of 131° (Fig. 3) .
The following conclusions can be drawn from the structure for the mechanism of compound I formation. The distance of the distal oxygen atom to the carboxyl group of Glu-183 is 2.7 Å, which permits protonation of compound 0 by the protonated carboxyl group of Glu-183 and facilitates the formation of compound I (Fig. 1) . In contrast, the distance between Glu-183 and the proximal oxygen is too long (3.5 Å) for a hydrogen bond, preventing proton transfer to the proximal oxygen that would reform the natural substrate hydrogen peroxide.
In this study we obtained compound 0 through reduction of the CPO oxygen complex and subsequent protonation of the formed peroxo-anion intermediate mimicking the cytochrome P450 reaction pathway. The peroxo-anion species is a powerful base (36, 37) and either could be directly protonated by Glu-183 or could abstract a proton from a water molecule in the active site. However, independent of how compound 0 was generated, the second proton that is required for compound I formation would not be available under our reaction conditions at pH 6, and therefore the enzyme could be trapped as compound 0 intermediate.
The long OOO bond length observed in the crystal structure strongly supports compound 0 formation as discussed above. However, the UV-visible absorption spectra recorded from the crystals are not conclusive, because the spectra of both the peroxo-anion and compound 0 species are very similar. Only small differences were observed between both intermediates for P450cam (CYP101) (38) . Hence we performed QM/MM calculations to gather further support for compound 0 formation.
QM/MM Energy Profile from the Ferric-Hydroperoxo to the Ferric-
Peroxo Complexes. We wanted to ascertain whether the crystal structure indeed corresponds to compound 0 (Fe-OOH Ϫ ), or the ferric-peroxo complex (Fe-O 2 2Ϫ ), or alternatively if the two species could coexist in respective energy minima. We therefore analyzed these intermediates with QM/MM calculations. The CPO compound 0 crystal structure presented here was used as a starting point for calculations, after the addition of hydrogens and water molecules as described in supporting information (SI) Methodology.
The Fe-OOH Ϫ complex had been previously investigated for cytochrome P450 and was shown to have two low lying spin states, a doublet ground state, and a quartet excited state (35) . Geometry optimization for these two states led to the minimized energy structures labeled A (Fe- 2Ϫ species is a very strong base (36, 37) , whereas Glu-183 is a moderately strong acid. Therefore, it is expected that the Fe-O 2 2Ϫ species will not be stable in the CPO environment unless Glu-183 is deprotonated and will collapse instantaneously to Fe-OOH Ϫ . In conclusion, the QM/MM calculations indicate that the only existing species are the Fe-OOH Ϫ complexes in the spin states A and B, with A being predominant because it is the lowest energy species.
Structural information of all four species is displayed in Fig.  5 . Inspection of the ferric-hydroperoxo species shows that in the doublet state (A) of Fe-OOH Ϫ the OOO distance is computed to be 1.500 Å, whereas in the quartet state (B) it is 1.449 Å. By contrast, the corresponding OOO bond distances in the ferricperoxo structures C and D are significantly shorter (1.390 and 1.399 Å, respectively). In the initial Protein Data Bank structure used for the QM/MM calculations, the bond distance was 1.47 Å.
This match in the OOO distances and the instability of the ferric-peroxo structures C and D led to the conclusion that the observed x-ray structure corresponds to the Fe-OOH Ϫ species, whereas the Fe-O 2 2Ϫ species may not be a genuine minimum of the enzyme.
The next section analyzes the computed properties of the observed Fe-OOH Ϫ species of CPO in comparison to the analogous species in other heme enzymes, e.g., P450 and HRP.
QM/MM-Computed Properties of the compound 0 Species. SI Table 1 summarizes relative energies, group spin densities, and charges of the ferric-hydroperoxide complex in the two spin states. It is notable that the gap between the doublet and quartet for Fe-OOH Ϫ (12.9 kcal/mol) is very similar to the gap determined for P450 (14.5 kcal/mol) (39) and significantly larger than the difference in HRP (6.6 kcal/mol) (40) . This finding is in agreement with EPR/electron nuclear double resonance assignment of the Fe-OOH Ϫ species in P450 (41) . Thus, the fact that the doublet state is the ground state is independent of the specific protein environment. Instead it arises from the interaction of the OOH Ϫ fragment with the ferric iron of the heme. The energy difference between the doublet and quartet states is considerably larger when the proximal ligand is a cysteine rather than a histidine, consistent with the ''push'' effect of sulfur (6). This energy difference indicates that the observed species in the x-ray crystallographic study is the low-spin doublet state compound 0.
The assignment of the species as Fe(III)-OOH Ϫ is based on the spin density data shown in SI Table 1 and the orbital diagram in Fig. 4B . It is apparent that in the doublet ground state (A) there is a net single spin localized mainly on the iron. This spin density reflects the electronic structure of the doublet state that involves five electrons in the formally 3d-type orbitals on iron (␦ x2-y2 2 * xz 2 * yz 1 ; Fig. 4B ). The singly occupied orbital is primarily a 3d yz atomic-orbital localized on the iron, slightly mixed with the 2p y orbital of the proximal oxygen. This electronic structure results in a spin density of almost unity on Fe with a small amount on the OOH Ϫ group. Thus the assignment of the compound 0 species as Fe(III)-OOH Ϫ reflects the electronic structure and a formal electron count in the oxidation state formalism. The actual charge on iron in compound 0 is ϩ0.5964. As is generally the case, the actual charge is not identical to the formal oxidation state.
In the quartet state, B, the orbital occupation in the d-block is ␦ x2-y2 2 * xz 1 * yz 1 * z2 1 , meaning that there are three unpaired electrons in the d-orbitals of iron (Fig. 4B) , which is reflected by its large spin density (3.32) as listed in SI Table 1 . One should also notice that there is some delocalization of spin density onto the porphyrin and onto the SH and OOH ligands. This spin density delocalization reflects the fact that the d-orbitals in Fig.  4B are delocalized, e.g., the * z 2 orbital is delocalized over the d z 2 orbital of Fe, the hybrid orbital of the thiolate and the hybrid orbital of the proximal oxygen ligated to iron. Interestingly, the quartet state has longer FeOO and shorter OOO bond distances compared with the doublet state (Fig. 5) , which is a reflection of the electronic structures and the excitation of an electron from * xz to * z2 ; the former orbital involves OOO antibonding interaction and the latter orbital has a strong antibonding FeOO interaction.
To summarize, the observation of compound 0 in CPO bears similarity to the situation in P450 and indicates that in both cases there should exist a heterolytic cleavage mechanism leading to the formation of compound I.
Conclusions
Compound 0 is a common intermediate of many different heme enzymes. The intermediate was formed by first generating the CPO oxygen complex, and then reducing it to the ferricperoxoanion species through the photoelectrons released during x-ray data collection. Calculations show that the peroxoanion intermediate Fe-O 2 2Ϫ will be instantly protonated by Glu-183 to yield compound 0, and that the ground state of this species is a doublet spin state as previously calculated for P450 and HRP.
Materials and Methods
Crystallization and CPO Compound III Formation. Caldariomyces fumago CPO was expressed and purified as described (42) . Crystals were grown by the hanging drop method at 20°C. One microliter of 15 mg/ml CPO in 5 mM sodium acetate buffer, pH 3.8 was mixed with 1 l of reservoir solution containing 50 mM KBr, 22% PEG 3000, and 0.1 M sodium citrate, pH 3.6. Long rod-like crystals with a typical size of 400 ϫ 50 ϫ 20 m 3 appeared within a few days. All crystal soaks were carried out at 4°C. First, the crystals were transferred from the mother liquor into a solution containing 22% PEG 3000 in 0.1 M citrate, pH 3.6 to remove bromide, and then moved into a cryoprotectant solution containing 100 mM PAA (Fluka, St. Louis, MO), 30 mM hydrogen peroxide (present in the PAA stock solution), 15% ethylene glycol, and 22% PEG 3000 in 0.15 M sodium phosphate, pH 6.0. Crystals changed color from brown to olive green upon addition of PAA containing cryoprotectant. After incubation for Ϸ30 s, ascorbate containing cryoprotectant (100 mM ascorbate, 15% ethylene glycol, 22% PEG 3000, and 0.15 M sodium phosphate, pH 6.0) was added in a 1:1 ratio. Crystals turned red-brown and were flash-cooled in liquid nitrogen after incubation for 1 min in the cryoprotectant mixture.
Spectroscopy, X-Ray Data Collection, and Structure Determination.
Visible single crystal absorption spectra were recorded from cryo-cooled crystals (90 K) mounted in loops with a microspectrophotometer (4Dxray Systems AB, Uppsala, Sweden) connected with an Andor InstaSpec II Photodiode array and a MCS 500 light source (Zeiss, Thornwood, NY) (56) . Diffraction data were collected at beamline X10SA (Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland) with the crystals being kept at 90 K. A composite data collection strategy was used (29, 43, 44) . After indexing using one frame, the crystals were rotated to an optimal orientation to yield the most data for the first collected 10°. Diffraction data were collected from seven crystals by using exposure times of 1 s per degree. The first 10°data wedges collected from each crystal were merged to form a low-dose data set. The 10-30°wedges yielded a medium-dose data set, and the collected 60-90°wedges formed a high-dose data set. The flux of the beam at an energy of 12.3 keV with a 100-m Al absorber was 1.7 ϫ 10 12 photons in an area of 50 ϫ 10 m 2 . During collection of the low-dose data set the crystals received a dose of 0.7 MGy, and after the medium-dose data 2.1 MGy were absorbed. At the end of the collection of the high-dose wedge, a dose of 6.4 MGy was absorbed by the crystals, which is well below the dose limit of 30 MGy (45) . Dose calculations were done with RADDOSE (46) .
Data were processed and scaled with the XDS software package (47) . The structure was determined by molecular replacement with Amore (48) using the previously published CPO structure (Protein Data Bank ID 1cpo) (8) as a search model. The graphics programs O (49) and Coot (50) were used for manual rebuilding of the model. ArpWarp was used for identification of water molecules (51) . Refinement was carried out with Refmac5 (52). The final model was refined to a R factor of 19.7% (R free ϭ 21.0%) with good stereochemistry (for statistics see SI Table 2 ). Figures were prepared with Molscript (53) and Bobscript (54) .
integrating the TURBOMOLE package for QM with the DL-POLY program for MM using the CHARMM22 force field. More technical details are given in SI Methodology.
